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Naegleria fowleri is responsible for producing a rapidly fatal central nervous system infection known as
primary amebic meningoencephalitis (PAM). To date, amphotericin B, an antifungal agent, is the only agent
with established clinical efficacy in the treatment of PAM. However, amphotericin B is not always successful
in treating PAM and is associated with severe adverse effects. We previously found azithromycin to be more
effective than amphotericin B in a mouse model of PAM. We therefore investigated the combination of
amphotericin B and azithromycin in vitro and in a mouse model of PAM. For the in vitro studies, 50%
inhibitory concentrations were calculated for each drug alone and for the drugs in fixed combination ratios of
1:1, 3:1, and 1:3. We found amphotericin B and azithromycin to be synergistic at all three of the fixed
combination ratios. In our mouse model of PAM, a combination of amphotericin B (2.5 mg/kg of body weight)
and azithromycin (25 mg/kg) protected 100% of the mice, whereas amphotericin B alone (2.5 mg/kg) protected
only 27% of mice and azithromycin alone (25 mg/kg) protected 40% of mice. This study indicates that
amphotericin B and azithromycin are synergistic against the Lee strain of N. fowleri, suggesting that the
combined use of these agents may be beneficial in treating PAM.

Primary amebic meningoencephalitis (PAM) is a rapidly fa-
tal infection caused by the free-living ameba Naegleria fowleri.
Victims are usually healthy young persons with a recent history
of swimming or other water exposure. The ameba enters the
nasal cavity during inhalation or aspiration of contaminated
water and then migrates along the olfactory nerves, crosses the
cribriform plate, and enters the central nervous system. Once
in the brain, N. fowleri causes extensive inflammation, hemor-
rhage, and necrosis, leading to death in 3 to 7 days (15).

The mortality of persons with PAM is �95% (3) owing to
the rapid progression of the disease, the often delayed diag-
nosis, and the lack of effective therapeutic agents. A wide
range of antiparasitic, antimicrobial, and other pharmacologic
agents have been evaluated against N. fowleri, but most of
these agents have shown limited activity against the protozoon
(5, 7–9, 11, 26, 28, 29). Amphotericin B is the only agent with
established clinical efficacy for PAM, and at least eight persons
have been treated successfully with amphotericin B alone or in
combination with other drugs (1, 2, 12, 17, 20, 22, 30, 31).
However, not all patients treated with amphotericin B either
alone or in combination have survived PAM (6, 23–25). More-
over, amphotericin B is one of the most toxic antibiotics used
today, and it may cause serious renal toxicity and electrolyte
disturbances as well as hematopoietic effects and damage to
other organs.

We previously investigated the activities of novel agents
against N. fowleri in vitro and in a mouse model of PAM in
order to identify agents with potential clinical usefulness

against this infection. In these studies, we found that azithro-
mycin was highly active against N. fowleri in vitro and that it
protected 100% of mice infected with N. fowleri at a dose of 75
mg/kg of body weight/day for 5 days (10). In contrast, ampho-
tericin B protected only 50% of mice at a dose of 7.5 mg/kg/
day, whereas all control mice died during the 28-day observa-
tion period. Since azithromycin is a relatively nontoxic agent
that might be useful in treating PAM alone or in combination
with amphotericin B, we evaluated the combined activity of
azithromycin and amphotericin B in vitro and in vivo. This
report presents the results of our studies with these two agents.

MATERIALS AND METHODS

Amebae and cultivation. The Lee (M67) strain of N. fowleri used in this study
was originally isolated from a 15-year-old female who died from primary amebic
meningoencephalitis in 1968 (15) and has been maintained by 67 passages in
mice to retain maximum virulence. The Lee (M67) strain was cultured axenically
without agitation in Mix medium (15). Stock cultures of N. fowleri were main-
tained at 37°C in 25-cm2 polystyrene culture flasks containing 10 ml of Mix
medium (15).

Therapeutic agents. Amphotericin B in aqueous solution at 250 �g/ml (Sigma-
Aldrich Inc., St. Louis, MO) was diluted in sterile deionized water to obtain the
final concentrations used for the in vitro studies. For in vivo studies, amphoter-
icin B powder, consisting of 45% amphotericin B, 35% deoxycholic acid sodium,
and 20% sodium phosphate (Sigma-Aldrich Inc.), was dissolved in sterile deion-
ized water to provide the final concentrations needed to administer the indicated
dosages to mice. Azithromycin for injection (Zithromax; Pfizer Inc., New York,
NY), consisting of powdered azithromycin dehydrate, was dissolved in and di-
luted with sterile deionized water to provide the concentrations and doses used
in this study.

In vitro studies. For each drug study, 30 ml of Mix medium was inoculated
with 104 amebae/ml from 72-hour stock cultures. A combination of amphotericin
B and azithromycin solutions was added to experimental flasks to obtain the
required drug concentrations, while control flasks received the same volume of
sterile deionized water. The agents were tested in combination at three different
concentrations, and each combination was performed in triplicate.

The flasks containing amebae and experimental agent combinations were
vortexed, and 10-ml aliquots were distributed to each of three culture flasks and
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maintained at 37°C. Cell growth was determined daily for a period of 4 days and
then again at day 7 with a Coulter counter (model ZF; Coulter Electronics, Inc.,
Hialeah, FL). A 200-�l aliquot of each cell suspension was added to 9.8 ml of
electrolyte solution containing 0.5% (vol/vol) formalin and 0.4% (wt/vol) NaCl in
deionized water. Cuvettes were vortex shaken to separate cell aggregates and
then read within 5 min. Four successive counts were obtained for each cuvette.
The most deviant count was excluded, the mean of the remaining nine counts
(three flasks, with three counts each) was determined, and ameba growth was
expressed as the number of amebae per milliliter.

Initially, the concentration of each agent that inhibited 50% of N. fowleri
growth when used alone (50% inhibitory concentration [IC50]) was determined
by fitting a nonlinear regression curve to the concentration-percent inhibition
growth curve (Graphpad Prism, San Diego, CA). Next, the inhibitory effects of
amphotericin B and azithromycin combinations were determined at fixed con-
centration ratios of 3:1, 1:1, and 1:3, such that 100% drug combinations con-
tained 75% amphotericin B at its IC50 and 25% azithromycin at its IC50, 50%
amphotericin B at its IC50 and 50% azithromycin at its IC50, and 25% ampho-
tericin B at its IC50 and 75% azithromycin at its IC50, respectively. In these
studies, six dilutions of each ratio were employed, ranging from 20% to 120% of
the fixed-ratio concentrations, in order to construct drug concentration-percent
inhibition growth curves and to determine the IC50 of each drug in each fixed-
ratio combination. The fractional IC50 (FIC50) of each drug was then calculated
as the IC50 of the drug in combination divided by the IC50 of the drug alone. The
FIC50s of amphotericin B and azithromycin at the different concentration ratios
were used to plot isobolograms. The sum of the FIC50s of amphotericin B and
azithromycin for each fixed-ratio combination determines whether the combined
effect of the drugs is additive, synergistic, or antagonistic. A sum of 1.0 represents
an additive effect, a sum of �1.0 represents a synergistic effect, and a sum of �1.0
represents an antagonistic effect (4).

Cell harvesting and inoculation for in vivo studies. Amebae were harvested
for mouse inoculations after 72 h of culture in Mix medium at 37°C. The amebae
were centrifuged at 2,000 � g for 10 min, washed, and resuspended in Page saline
to provide a final concentration of 2 � 106 amebae/ml. Male 21-day-old CD-1
mice weighing approximately 24 g (Charles River Laboratories Inc., Wilmington,
MA) were housed in plastic cages and given free access to food and water. Mice
were inoculated by intranasal instillation of 10 �l Page saline containing 2 � 104

amebae into a single nare under isoflurane anesthesia (Aerrane; Baxter Caribe
Inc., Deerfield, IL). All animal studies were conducted in accordance with stan-
dard animal experimentation guidelines and with the approval of the Animal
Care and Use Committee at the Oklahoma State University Center for Health
Sciences.

Treatment of experimental amebic meningoencephalitis. Experimental drug
treatments began 72 h after inoculation of amebae and continued once daily for
a period of 5 days. Mice were randomly divided into four groups of 10, with each
group receiving a different treatment. The control group received intraperitoneal
injections of 0.9% sodium chloride (Abbott Laboratories, Chicago, IL). The
treatment groups received intraperitoneal injections of 2.5 mg/kg amphotericin B
alone, 25 mg/kg azithromycin alone, or a combination of 2.5 mg/kg amphotericin
B and 25 mg/kg azithromycin. The in vivo studies were conducted twice.

Mortality and mean time to death. Mice were held for 28 days postinoculation,
and the cumulative percent dead was recorded on a daily basis. The mean time
to death was also determined for each treatment group. Percent protection was
calculated using the expression 100 � (x/y) � 100, where x is the percentage of
treated mice that died and y is the percentage of control mice that died (14). To

verify the cause of death, brain tissue was cultured for amebae from dead or
moribund mice. Amebae were observed microscopically in cultures obtained
from brain tissues of all infected mice that died during the 28-day observation
period.

RESULTS

In vitro studies. The activity of combined amphotericin B
and azithromycin on the growth of the Lee (M67) strain of N.
fowleri is reported in Table 1 and Fig. 1. Table 1 lists the IC50s
and the FIC50s of each agent when combined in 1:3, 1:1, and
3:1 fixed-concentration ratios of amphotericin B to azithromy-
cin. The sum of FIC50s was �1 for all three fixed-concentration
ratios on both days, indicating that amphotericin B and
azithromycin have synergistic activity against N. fowleri at all
concentration ratios tested. The 1:3 amphotericin B-to-azithro-
mycin ratio resulted in a higher sum of FIC50s than did the 1:1
ratio, and the 3:1 ratio produced the lowest sum of FIC50s,
suggesting that greater synergy may occur with this concentra-
tion ratio, while less synergy is obtained with the 1:3 concen-
tration ratio.

Figure 1 shows an isobologram depicting the relationship
between the FIC50s of azithromycin and amphotericin B for
the three fixed-concentration ratios on days 2 and 3 of incu-
bation. The FIC50s of amphotericin B were similar at all fixed-
ratio concentrations, whereas the FIC50s of azithromycin var-
ied considerably and were highest with the 1:3 amphotericin
B-to-azithromycin ratio and lowest with the 3:1 ratio on both
days 2 and 3 of incubation. All of the data points are below the
straight line of additivity, indicating that amphotericin B and
azithromycin exerted a synergistic effect against N. fowleri at all
fixed-concentration ratios tested.

In vivo studies. The activity of combined amphotericin B
and azithromycin was also evaluated for its potential therapeu-
tic effectiveness in a mouse model of primary amebic menin-
goencephalitis (18). The doses employed in this study were

FIG. 1. Isobologram of the interaction of amphotericin B (AMB)
and azithromycin (AZM) against the Lee (M67) strain of N. fowleri.
Each point represents the FIC50 of these agents on day 2 or 3 of
incubation.

TABLE 1. FIC50s and sums of FIC50s of amphotericin B and
azithromycin in combination against N. fowleri in vitro

Time of infection
and amphotericin

B/azithromycin
ratio

Amphotericin B Azithromycin
Sum of
FIC50s

IC50 (nM) FIC50 IC50 (nM) FIC50

Day 2
1:3 34.2 0.311 13.9 0.464 0.775
1:1 26.4 0.241 7.1 0.238 0.478
3:1 27.9 0.254 2.6 0.088 0.342

Day 3
1:3 18.3 0.167 16.4 0.550 0.716
1:1 33.9 0.309 9.2 0.308 0.616
3:1 33.3 0.303 3.1 0.103 0.406
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based on our previous in vivo studies with each agent used
alone (10). In the present study, we used doses of amphotericin
B and azithromycin that had previously been shown to protect
30% and 40% of animals inoculated with N. fowleri, respec-
tively. The in vivo experiments were conducted twice, with 10
mice per treatment group, and the results were combined
(Fig. 2). One mouse in the combination treatment group died
due to other causes. This mouse showed no signs of PAM
infection prior to death, and N. fowleri could not be cultured
from the brain tissue. Therefore, the mouse was excluded from
the study.

Table 2 shows the numbers of mice, percentages of mortal-
ity, mean times to death, and percentages of protection ob-
tained with control saline injections and with each agent alone
and in combination. In this study, not all of the control mice
died after inoculation with N. fowleri; thus, the percent protec-
tion is used to describe the treatment effects. Amphotericin B
alone at a dose of 2.5 mg/kg/day protected 27% of the mice,
with a mean time to death of 7 days, whereas azithromycin
alone at 25 mg/kg/day protected 40% of the mice, with a mean
time to death of 12.4 days. The mean time to death of azithro-
mycin-treated animals was significantly greater than that of
controls, whereas the mean time to death of amphotericin
B-treated animals was not significantly different from that of
controls (P � 0.01). These results are very similar to those of
our previous in vivo studies with each agent used alone at the
same doses (10). Additionally, the mean time to death of
azithromycin-treated animals was significantly greater than

that of the amphotericin B-treated animals (P � 0.01). The
combination of 2.5 mg/kg amphotericin B and 25 mg/kg
azithromycin protected 100% of the mice throughout the 28-
day observation period. Because there were no deaths due to
N. fowleri in the combination group, we could not perform the
Mann-Whitney U test to test significance. Since the percent
protection provided by the drug combination is greater than
the sum of the percentages of protection obtained with each
agent alone, the in vivo data are consistent with the synergistic
effect demonstrated in the in vitro studies described above.

FIG. 2. Survival of mice after inoculation with N. fowleri followed by treatment with amphotericin B (AMB), azithromycin (AZM), or a
combination of both injected once daily on days 4 to 8 after inoculation. Control mice received sterile saline.

TABLE 2. Percent mortality, mean time to death, and percent
protection of mice inoculated with N. fowleri and treated for

5 days with amphotericin B, azithromycin, or the
combination of botha

Treatment
group (treatment

dose [mg/kg/day])a

No. of
mice

%
Mortality

Mean time to
death (days)c

%
Protection

Control 20 75 7.1
AMB (2.5) 20 55 7* 27
AZM (25) 20 45 12.4** 40
Combination (2.5 �AMB�

and 25 �AZM�)
19b 0 None died 100

a AMB, amphotericin B; AZM, azithromycin.
b One mouse died due to other causes. N. fowleri could not be cultured from the

brain tissue, and the mouse did not exhibit signs of PAM infection prior to death.
c *, not significantly different from controls (P � 0.01), using Mann-Whitney U

test; **, significantly different from controls and amphotericin B treatment group
(P � 0.01), using Mann-Whitney U test.
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DISCUSSION

Synergy occurs when the effect of two agents used in com-
bination is greater than the sum of the individual effects of
each agent given alone. The greater the synergy between two
agents, the less of each agent is required to produce a specific
effect. Synergy may enable the use of lower doses to produce a
defined level of efficacy, thereby increasing safety and tolera-
bility. Synergy may also enable two agents, both of which are
�50% efficacious, to be combined to produce 100% efficacy.
Synergy is demonstrated in vitro by determining the FIC50s of
each agent used in combination. If the sum of the FIC50s is 1,
then the two agents are additive when used together (19). If
the sum is �1, the two agents are synergistic, and if the sum
is �1, the two agents are antagonistic (19).

We previously showed that azithromycin is active against N.
fowleri in vitro and that a dose of 75 mg/kg protected 100% of
mice infected with this organism, whereas amphotericin B
alone protected only 50% of animals (10). In the present study,
we found that the combination of amphotericin B and azithro-
mycin acted synergistically against N. fowleri in vitro when
these agents were combined in three fixed-concentration ra-
tios, i.e., 1:1, 1:3, and 3:1. The sum of the FIC50s was lowest for
the 3:1 amphotericin B-to-azithromycin ratio on both days 2
and 3 of incubation, indicating that this ratio resulted in the
greatest degree of synergy of the concentrations tested. The
FIC50s of azithromycin were also lowest with the 3:1 ratio,
whereas the FIC50s of amphotericin B followed no discernible
pattern. These data suggest that the synergistic effect of these
two agents may partly result from the potentiation of azithro-
mycin by amphotericin B, thereby leading to lower FIC50s for
azithromycin as the proportion of amphotericin B in the com-
binations increased.

We also determined the combined effect of amphotericin B
and azithromycin in a mouse model of PAM. We found that a
combination of 2.5 mg/kg amphotericin B and 25 mg/kg
azithromycin given once daily for 5 days protected 100% of
mice inoculated with N. fowleri, whereas these agents protected
27% and 40% of mice, respectively, when used alone. Because
the combined use of these agents achieved 100% efficacy,
whereas each agent alone produced �50% efficacy, these data
are consistent with the synergy demonstrated with these agents
in vitro.

Amphotericin B is the only agent with established clinical
efficacy in treating human N. fowleri infections and has been
used alone and in combination with rifampin, fluconazole,
sulfadiazine, miconazole, sulfisoxazole, ketoconazole, dexa-
methasone, ornidazole, and chloramphenicol to successfully
treat PAM (1, 2, 12, 17, 20, 22, 30, 31). Seidel et al. (22) showed
that amphotericin B had additive or synergistic activity with
miconazole against the strain isolated from the patient success-
fully treated with this combination. However, none of the other
agents used in treating PAM survivors has been shown to be
synergistic.

Amphotericin B was reported to be synergistic with mino-
cycline and tetracycline when synergy was defined as a fourfold
decrease in the MIC of each drug used in combination com-
pared to that for the use of each drug alone (16). The efficacy
of amphotericin B was also potentiated by tetracycline in a
mouse model of PAM (27). However, the successful treatment

of PAM with amphotericin B combined with tetracycline or
minocycline has not been reported.

There is little known about the mechanism of action of
azithromycin against N. fowleri. Azithromycin inhibits bacterial
protein synthesis by binding to the 50S ribosomal subunit and
blocking peptide bond formation and translocation. Azithro-
mycin has been shown to be widely distributed in brain tissue
following systemic administration in humans, whereas ampho-
tericin B exhibits poor penetration of the blood-brain barrier
(13). N. fowleri exposed to amphotericin B rounds up and fails
to form pseudopodia. The ultrastructural abnormalities in-
cluded alteration of nuclear shape, degeneration of mitochon-
dria, and the appearance of autophagic vacuoles (21).

The present study indicates that azithromycin and ampho-
tericin B are synergistic against the Lee strain of N. fowleri,
suggesting that the combined use of these agents might provide
a useful regimen for treating human infections with this organ-
ism. Further studies to determine the lower range of synergistic
activity of these two agents should be conducted. Finally, ad-
ditional synergy studies with other agents could be conducted
in order to improve drug selection and treatment of N. fowleri
infection.
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